Comparison of direct and geodetic mass balances on an annual time scale by A. Fischer et al.
TCD
5, 565–604, 2011
Comparison of direct
and geodetic mass
balances on an
annual time scale
A. Fischer et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
The Cryosphere Discuss., 5, 565–604, 2011
www.the-cryosphere-discuss.net/5/565/2011/
doi:10.5194/tcd-5-565-2011
© Author(s) 2011. CC Attribution 3.0 License.
The Cryosphere
Discussions
This discussion paper is/has been under review for the journal The Cryosphere (TC).
Please refer to the corresponding ﬁnal paper in TC if available.
Comparison of direct and geodetic mass
balances on an annual time scale
A. Fischer
1, H. Schneider
2, G. Merkel
3, and R. Sailer
4
1Institute of Meteorology and Geophysics, University of Innsbruck, Austria
2Institute of Mathematics, University of Innsbruck, Austria
3Faculty of Geoinformation, University of Applied Sciences – Fachhochschule M¨ unchen,
Germany
4Institute of Geography, University of Innsbruck, Austria
Received: 13 January 2011 – Accepted: 4 February 2011 – Published: 14 February 2011
Correspondence to: A. Fischer (andrea.ﬁscher@uibk.ac.at)
Published by Copernicus Publications on behalf of the European Geosciences Union.
565TCD
5, 565–604, 2011
Comparison of direct
and geodetic mass
balances on an
annual time scale
A. Fischer et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Abstract
Very accurate airborne laserscanning (ALS) elevation data was used to calculate the
annual volume changes for Hintereisferner and Kesselwandferner in the ¨ Otztal Alps,
Austria for 2001/2002–2008/2009. The comparison of the altitude of 51 recently GPS
surveyed ground control points showed that the accuracy of the ALS DEMs is better 5
than 0.3m. The geodetic mass balance was calculated from the volume change using
detailed maps of the ﬁrn cover and applying corrections for the seasonal snow cover.
The maximum snow height at the time of the elevation data ﬂight was 0.5m averaged
over the glacier surface. The volume change data was compared to in situ mass bal-
ance data for the total area and at the stakes. For the total period of 8yr, the diﬀerence 10
between the geodetic and the direct mass balance is 2.398mw.e. on Hintereisferner
and 1.380mw.e. on Kesselwandferner, corresponding to about two times the mean an-
nual mass balance. The vertical ice ﬂow velocity was measured and found to be on the
same order of magnitude as the mass balance at KWF. This is an indicator that volume
change data does not allow the calculation of ablation or accumulation rates without 15
detailed measurements or models of the vertical ice ﬂow velocity. Therefore, only direct
mass balance data allow process studies or investigation of the climatic controls of the
resulting mass changes.
1 Introduction
The contribution of large glaciers and ice caps to sea level rise, where in situ mass 20
balance data is sparse, is calculated from elevation data produced by various remote
sensing methods. Several studies, summarized by Lemke et al. (2007), estimated the
quantity of the ice volume change in speciﬁc regions. Apart from adding new sensors
or regions to the global data base, currently technical questions related to the sensors
and the speciﬁc accuracies of the elevation products are investigated (Moholdt et al., 25
2010a,b; Nuth et al., 2010; Nuth and K¨ a¨ ab, 2010; Bollmann et al., 2011). This work is
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very important for estimating the error bars of the current volume change data. But in
most cases, the sparse mass balance data allow only very local comparison of volume
change to in situ mass balance data. To investigate the consistency of the geodetic
and the direct methods of determining glacier mass balance with each other, process
oriented studies with accurate ﬁeld data are necessary. 5
For small test glaciers with in situ mass balance data in Austria and Norway, very ac-
curate airborne laser scanning (ALS) elevation data was used to calculate the volume
change (Geist et al., 2005; Geist and St¨ otter, 2010). The comparison of the direct to
the geodetic net mass balance data showed signiﬁcant diﬀerences (Geist and St¨ otter,
2010) of up to 100% in 2003, which are clearly not explainable by the error bars of 10
the direct or the geodetic mass balance. Other possible reasons for the discrepancy
include diﬀerent measurement dates, geometric eﬀects, or the density assumption.
The comparison of direct to geodetic mass balance on a multiannual time scale
for a number of glaciers indicated that the deviation of the two methods might not be
restricted to HEF and KWF, but have a more general nature (Fischer, 2010). Most of the 15
data analyzed within that study is based on photogrammetric DEMs with much lower
accuracy than ALS elevation data and is therefore not perfectly suited for a detailed
process analysis.
The time series of very accurate ALS elevation data, which is available for Hintere-
isferner (HEF) and Kesselwandferner (KWF) in the ¨ Otztal Alps, Austria for 2001–2009, 20
provide the perfect database for a process study. The data is complemented by di-
rect mass balance and ice velocity stake data together with a net of ground control
points (GCPs) surveyed with diﬀerential global positioning system (DGPS) and allow
a detailed investigation of the reasons for these diﬀerences between the direct and
the geodetic method. By analyzing the data of the mass balance years 2001/2002– 25
2008/2009, the following questions are addressed:
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– How accurate is the ALS elevation data and therefore the calculated volume
change?
– Do diﬀerent dates of data acquisition cause the diﬀerences between direct and
geodetic data?
– Can the volume added by seasonal snow cover on the glacier tongue lead to 5
signiﬁcant underestimation of volume loss?
– Which impact has the diﬃculty of determining the mean density of the lost or
gained volume on the geodetic mass balance?
– Do geometric eﬀects, crevasses, or basal melt play a signiﬁcant role?
– Should the vertical ice ﬂow velocity play a role in the interpretation of volume 10
change data?
After a description of the test sites, the data and the methods are described. The
results include the accuracy of the ALS elevation data, the statistical analysis of the
volume changes, the calculated mass balances for HEF and KWF, and the comparison
to measured mass balance and velocity data at KWF. Last but not least, the eﬀect of 15
diﬀerent density assumptions, as well as a geometric correction and the eﬀects of the
volume of crevasses, are estimated.
2 Test sites
Hintereisferner glacier (HEF) and Kesselwandferner glacier (KWF) in the ¨ Otztal Alps
(Austria) were chosen as test sites (Fig. 1) because for both glaciers, direct mass bal- 20
ance data and highly accurate LiDAR DEMs are available for the eight mass balance
years 2001/2002 to 2008/2009. The glaciers HEF and KWF are neighbors, but diﬀer
in size and surface topography, as the following numbers from the mass balance year
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2005 show. KWF (3.9km
2) covers about half the area of HEF (7.5km
2). Although
the maximum elevation of HEF is higher (3750ma.s.l.) than of KWF (3500ma.s.l.),
the area weighted mean elevation of KWF (3168ma.s.l.) is higher than that of HEF
(3039ma.s.l.). 64% of the surface area of KWF is located above 3150m, but only
33% of the area of HEF is as high. The tongue of HEF extends to a lower altitude 5
(2500ma.sl.) than KWF (2750ma.sl.). 10% of the area of HEF is located below
2750ma.s.l., and thus below the tongue of KWF. The main aspect of KWF is south
east, the tongue of HEF northeast and the ﬁrn area from north to east and south. As
a result of the diﬀerent topographies, HEF and KWF show diﬀerent responses to the
same climate forcing (Kuhn et al., 1985), as is evident from the direct mass balance 10
data measured since 1952/1953 (Hoinkes, 1970; Kuhn et al., 1999; Fischer and Markl,
2008). The mean mass balance 1953–2009 was −0.556mw.e. on Hintereisferner and
−0.101mw.e. on Kesselwandferner. The mean equilibrium line altitude (ELA) 1953–
2009 is located at 3135ma.s.l. on KWF and 2873ma.s.l. on HEF. From 2002–2009,
the mean mass balance was −1.240mw.e. on Hintereisferner and −0.559mw.e. on 15
Kesselwandferner and thus signiﬁcantly more negative as 1953–2009. As a result of
these negative mass balance years, between 2001–2009 the glaciers shrunk by 13%
(HEF) and 6% (KWF), the ﬁrn covered area dropped from 41% to 33% of the total area
of HEF and from 61% to 55 % of the total area of KWF (Table 1). In Vent (1908ma.s.l.,
Fig. 1), about 6.5km down the valley from the tongue of KWF and 8km from the tongue 20
of HEF, a climate station records air temperature and precipitation. The mean an-
nual precipitation at this station for 1952/1953–2008/2009 and 2001/2002–2008/2009
is 661mm. The highest precipitation rates are in July and August (13% of the annual
precipitation each). 72% of the annual precipitation falls between May and November;
only 16% from December to February. The mean annual air temperature 1952/1953– 25
2008/2009 is 1.7
◦C (2001/2002–2008/2009: 2.3
◦C). At 3000ma.s.l., the precipitation
recorded at the rain gauge Hintereisferner is on average twice that recorded in Vent.
569TCD
5, 565–604, 2011
Comparison of direct
and geodetic mass
balances on an
annual time scale
A. Fischer et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
3 Data and Methods
3.1 Airborne laser scanning – measurement principles
Laser scanning often referred to as LiDAR (Light Detection and Ranging) is an active
remote sensing technology operated from airborne, terrestrial, or (auto-)mobile plat-
forms. Airborne laser scanning systems are multi-sensor systems consisting of three 5
time-synchronized components. The laser scanner itself incorporates the laser range
ﬁnder and a device that deﬂects the laser beam perpendicular to the ﬂight direction
(±20
◦ commonly). The laser range ﬁnder measures the two-way travel time of a laser
pulse (with pulse repetition rates up to 150kHz) from the sensor to the surface (ground
or objects like trees or buildings) and back to the receiver. A diﬀerential global naviga- 10
tion satellite system (GNSS; typical frequency 1Hz) determines the absolute position
(x, y, z) of the sensor platform. The interior orientation of the platform (roll, pitch and
heading) is measured by an inertial measurement unit (IMU; typical frequency 1kHz).
The ﬂight path an the beam orientation is calculated from combined GPS and IMU in-
formation (Wehr and Lohr, 1999; Baltsavias, 1999). Standard laser scanning systems 15
are able to detect two reﬂections per shot (ﬁrst echo and last echo) which can be used
to generate digital terrain models (DTM) as well as digital surface models (DSM). On
open terrain (e.g. glaciers, periglacial areas) the DTM and DSM are equal Geist and
St¨ otter (2010). Laser scanning systems deliver not only information about the absolute
position (x, y, z), but also about the characteristics of the reﬂecting surface (H¨ oﬂe and 20
Pfeifer, 2007). Most airborne LiDAR systems record with a beam divergence on the
order of 0.3 to 0.8mrad and at a distance up to 3500m above ground. In this study
the LiDAR data were measured with an Optech ALTM 3100 system at a wavelength of
1064nm and a pulse repetition rate of 70kHz. The height above ground diﬀers from
800m to 1200m, leading to a laser footprint diameter of about 0.8m. The achieved 25
point density is a function of the repetition rate, the scan frequency (40Hz), the aircraft
speed (approx. 70ms
−1), the height above ground, the swath width (approx. 700m to
900m) and the degree of swath overlapping (approx. 200m to 600m) and reaches at
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least 1 point per square meter. The vertical accuracy of airborne laser scanner point
measurements is mainly dependent on the point density and the slope angle of the
scanned surface (Kraus, 2004). The achieved vertical error is very low for slope angles
lower than 40
◦ (±0.05m) and shows a linear trend. For slopes >40
◦ an exponential
increase of the vertical error can be assumed (1.0m at 80
◦; Bollmann et al., 2011). In 5
comparison with diﬀerential GNSS measurements the mean absolute error between
GNSS and airborne laser data is about 0.07m with a very low standard deviation of
±0.07m (Bollmann et al., 2011). This agrees very well with values published by Geist
et al. (2005), where they compared diﬀerential GNSS measurements with correspond-
ing z-values of a ALS derived DTM of Engabreen (Norway). Their comparison of GNSS 10
z-values with corresponding z-values of the ALS-derived DEMs shows minimal mean
deviations of 0.10m and a standard deviation of ±0.10m, while more than 99.5% of
all GNSS point measurements are within a ±0.30m standard deviation. On Hintere-
isferner and Kesselwandferner, 18 LiDAR DEMS were acquired between 2001 and
2009. Nine of these DEMs were recorded close to the end of the mass balance year 15
and analyzed with this study (Table 2).
3.2 Network of ground control points
A net of ground control points (GCPs) was set up during the last century for geode-
tic surveys close to Hintereisferner and Kesselwandferner. The GCPs are partly lo-
cated on ﬂat rocks, but are mainly, as is necessary for tachymetric surveys, cylindri- 20
cally shaped cairns with an iron pole on top. These constructions are 1 to 2m high
and have a diameter of about 0.5 to 0.7m. Several GCPs are located on buildings.
51GCPs were revisited between 2007 and 2010 with DGPS to measure the positions
in diﬀerent coordinate systems and to calculate transformation parameters between
the various coordinate systems used in the maps of the last 120yr (Schneider, 1975; 25
Kuhn, 1979; Span, 1997). The results of the surveys are published by Zauner (2010);
Niederwald (2009); Weide (2009); Ludwig (2009) and Albrecht (2007). The positions
of the GCPs are shown in Fig. 1. The coordinates of the GCPs were determined with
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three LEICA GPS receivers (system 500) with static long term and short time measure-
ments. The post processing of the data was done with data of the permanent stations
of Mals/Malles, Sterzing/Vipiteno (both South Tyrol/Italy), Krahberg, and Patscherkofel
(Austria). From all GCP positions, a standard variance of 6.5×10
−3 m horizontally and
4.7×10
−3 m vertically with a conﬁdence of 95% was calculated. 5
3.3 Direct mass balance data
The mass balance is measured with the direct glaciological method in the ﬁxed date
system as described by Hoinkes (1970), Kuhn et al. (1999), and Fischer and Markl
(2008). The mass balance year starts on 1 October and ends on 30 September of the
following year. In several ﬁeld surveys during the mass balance season, not only the 10
ablation, but also the amount of the seasonal snow cover at about 44 stakes on HEF is
recorded. Up to 9 snow pits are dug close to 30 September to calculate the mass gain
in the higher elevations of HEF. The positions of these stakes and pits are indicated
in Fig. 1, the readings closest to the acquisition date of the LIDAR DEM are listed in
Table 2. The distribution of the snow cover in the upper part of HEF is monitored with a 15
web cam. On KWF, the main purpose of the 9–10 stakes is the measurement of the ice
ﬂow velocity. The stakes are repositioned annually or biannually at the same position.
Therefore, the surveys are carried out between 15 August and 15 September. The
measured diﬀerence in free ends of the stakes is then converted to water equivalent
and extrapolated to the mass balance year with the help of the snow pit data and other 20
observations made on HEF.
A possible source of uncertainty in the direct mass balance could be the use of
planimetric area and the extrapolation of vertically measured mass balance data from
ﬂat to steep areas. As pointed out by Jacobsen and Theakstone (1995), the area of
surfaces inclined by an angle of α is larger than that for ﬂat areas by a factor cosα. The 25
relevance of the larger surface area for mass balance was controversially discussed
(Rabus et al., 1996; Jacobsen and Theakstone, 1996; Kaser, 1996). Meier (1962)
explained why mass balance is deﬁned vertically, and not normal to the glacier surface:
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this deﬁnition is an expedient for the convenience of observers, since it is much easier
to measure in the vertical direction than normal to the glacier surface. This clearly
refers to glacier areas where the mass balance is measured with stakes or pits. At
these ﬂat areas, the diﬀerence between the measured vertical mass balance b and
the mass balance normal to the surface bn = b/cosα is small. Assuming that the 5
energy ﬂuxes normal to the surface stay the same for ﬂat and inclined surface areas
would result in a vertical mass balance component b/cosα in inclined areas. Thus the
volume removed by melt from slopes would not be described by multiplying the surface
area A on the map with the vertical mass balance b, but by multiplying the real surface
area A/cosα with the component of the mass balance normal to the inclined slope 10
b/cosα.
On HEF and KWF, slopes of up to 83
◦ occur. The mean slope is 15.7
◦. 1% of the
glacier area is inclined by more than 50
◦, 3% by more than 40
◦, 9% by more than 30
◦,
and 27% by more than 20
◦. The resulting increase of volume change by accounting for
the larger “real” surface area depends on measured mass balance. 15
3.4 Ice ﬂow velocity data
For every point at the glacier surface, elevation changes are the result of ice ﬂow and
mass balance. The annual measurements of the x, y, and z coordinates of the stakes
at KWF together with the free ends of the stakes and the surface slope in the vicinity of
the stakes allow the calculation of ice thickness changes and the vertical component of 20
ice ﬂow velocity. The ice thickness change at a stake in the ﬁeld, ∆d, and the thickness
change caused by accumulation or ablation, ∆a, is equal to the vertical component
of the ice ﬂow velocity v when the ice ﬂows a distance of y (Fig. 2). The vertical
component of the ice ﬂow velocity v is also calculated as diﬀerence of the altitude of
the stake top ∆zp and the altitude diﬀerence in direction of the ﬂow line ∆h. 25
v =∆d −∆a=∆zP −∆h (1)
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On HEF, the ice ﬂow velocity is measured annually at stone line 6 (Fig. 1). The
position of the stones placed in this line in mid of August is measured after one year
before repositioning the stones. These records allow the calculation of the surface
parallel ﬂow path, but not the vertical component of ice ﬂow velocity. The comparison
of the ﬂow path of the stones with that of a stake showed that the movement of the 5
stones relative to the surface is smaller than 0.4m per year. The absolute amount
depends on the ablation.
3.5 Geodetic mass balance
The speciﬁc geodetic mass balance bg is calculated by multiplication of the volume
diﬀerence ∆V between two dates t1 and t2 with the density of the surface layer ρ at t1 10
divided by the glacier surface area A at t1 .
bg =
∆V
A
·ρ (2)
The total volume change ∆V is derived from the elevation change ∆z=zt2−zt1 at every
pixel of the 1×1m LiDAR DEMs acquired at t1 and t2. Therefore, the area of one pixel
is 1m
2, and the volume changes is calculated as sum of the elevation changes at every 15
pixel i of the glacier surface at t1:
∆V=Σi∆z (3)
For every pixel of the glacier surface, the type of the surface area was determined
within two classes: glacier ice with a mean density of ρ=917kgm
−3, and ﬁrn with a
mean density of ρ=750kgm
−3 (Fig. 3a). Examples of these ﬁrn/ice maps are shown 20
for 2001 and 2009 in Fig. 1.
bg =Σi∆zi ·ρi (4)
The calculated volume change includes not only changes in glacier mass which
are relevant for glacier mass balance, but also the winter snow cover at the time of
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the acquisition of the DEM. This elevation change resulting from winter snow cover of
height s must be considered for the calculation of the geodetic mass balance. In the
accumulation area, snow which fell until 30 September is part of the mass balance,
but in the ablation area it leads to an underestimation of the ice melt. An elevation
change caused by snow falls after 1 October results in an overestimation of glacier 5
mass also in the accumulation area (Fig. 3b), because the density of the fresh snow is
much lower than the usually assumed mean density. When the surface elevation data
was recorded before the end of the melt season, the surface at the end of the natural
mass balance year is lower than in the DEM. If the melt occurs before 30 September,
this results in a diﬀerences between the direct mass balance and the geodetic mass 10
balance (Fig. 3c). These errors will balance out if the geodetic mass balance of several
years are added.
The volume change was extrapolated from the LiDAR ﬂights to the mass balance
year using ﬁeld observations of snow cover and/or ice melt between the date of the
ﬂight and the end of the mass balance year (Fig. 4). The snow cover at the time of the 15
LiDAR ﬂight and the accumulation/ablation between the ﬂight and 30 September was
analyzed for every pixel.
4 Results
4.1 Accuracy of the LiDAR data at the GCPs
The measured altitude of 51GCPs surrounding HEF and KWF was compared to the 20
elevation of the LiDAR DEMs at the GCPs. The location of these GCPs is indicated
in Fig. 1, the GCPs and the results of the comparison area listed in Table 3. Some
GCPs are mounted in ﬂat areas, some are cairns (Stm. in Table 3) with tubes (Sta. in
Table 3), and very few are located on buildings, such as Brandenburger Haus (BBH),
Hochjochhospiz (HJH) and Station Hintereis. Since the altitude of the LiDAR DEM at 25
the position of these buildings does not correspond to the altitude of the GCP, and
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shows large variability in the DEMs of diﬀerent years, these GCPs were skipped for
the comparison. For the cairns, the GPS measured altitude sometimes refers to the
bottom of the cairn, but in most cases to the upper end of the tube on top of the cairn.
Therefore the absolute diﬀerence of the LiDAR DEM and the GPS measured altitude
can be expected to diﬀer by the height of the upper end of the tube above the ground 5
without indicating signiﬁcant errors of the DEM. Table 3 summarizes the diﬀerence
between the GPS measured altitudes (zG) and the mean of all LiDAR altitudes 2001–
2009 ¯ zL and the deviation of the LiDAR elevation in individual years from that mean for
the year i ¯ zL−zL,i. The maximum oﬀset between the GPS and the the mean LiDAR
altitude is 2.74m, the minimum −0.75m. The mean oﬀset is 0.85m. The average 10
diﬀerence between the mean LiDAR altitude and the altitude of the GCP in a speciﬁc
DEM is 0.43m. For the speciﬁc years, the altitude diﬀerences of all GCP’s from their
mean are listed in Table 4. These values cannot be compared to the snow cover at
the time of LiDAR acquisition, since the snow cover distribution outside the glacier is
very irregular, and no measurements exist. Analysis of the altitude of the GCP points 15
in the DEM suggests that the relative vertical accuracy of the LiDAR DEMs at the GCP
points is smaller than 0.3m and therefore smaller than the long term mean annual
mass balance of HEF.
4.2 Volume change
The comparison of the relative deviations of the GCP altitudes showed that the DEMs 20
do not show a relevant systematic vertical oﬀset. The volume change of the glacier was
then calculated based on the 1×1m DEM raster for every mass balance year using
the same glacier margins as for the direct mass balance data. Figure 5 shows the
distribution of the area of altitude change classes. Most years show a sharp maximum
close to zero, but in 2003, 2006, and 2008, the maximum is shifted towards more 25
negative thickness changes. The distribution is asymmetric in all years as the number
of side maxima and thus the general shape of the distribution varies. As expected, at
nearly all pixels the ice thickness changes between +1.5 and −6.0m. The position of
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the maximum and the shape of the curve correlate neither with the mass balance nor
with the equilibrium line altitude (ELA). In the year 2003, nearly all the area of HEF
and KWF is subject to subsidence, and thickness losses of −6m are quite frequent
compared to the other years. In 2003, a rapid increase in ﬂow velocity at the upper
parts of glaciers which resulted in a very crevassed glacier surface was observed. This 5
indicates that the shape of the proﬁles in Fig. 5 is a complex result of ice ﬂow and mass
balance, and that, especially in 2003, the subsidence of the total glacier area was a
result of a movement of the glacier mass down the valley.
4.3 Mass balance of Kesselwandferner
For KWF, The direct mass balance bd and the geodetic mass balance bg calculated 10
with total glacier area A and the ﬁrn covered area AF is summarized in Table 5. Since
KWF is surveyed between mid-August and mid-September, in most cases no mea-
sured snow cover data for the day of the LiDAR ﬂight is available. Therefore, no correc-
tion for the seasonal snow cover s and the melt between the end of the mass balance
year (∆b) was applied. For 2001–2009, the cumulative geodetic mass balance of 15
−5.849mw.e. is more negative than the cumulative direct mass balance −4.469mw.e.
The diﬀerence of 1.380mw.e. corresponds to the twice annual mean mass balance
within the period, or 13% of the total cumulative direct mass balance. The mean an-
nual diﬀerence between the geodetic and the direct mass balance is 0.173mw.e. The
geodetic mass balance is more negative than the direct in 2002, 2003, 2006, and 2008. 20
The largest diﬀerences occur in 2003 and 2006.
4.4 Mass balance of Hintereisferner
For HEF, the direct mass balance bd and the geodetic mass balance bg calculated
with total glacier area A and the ﬁrn covered area AF is summarized in Table 6. A
correction for seasonal snow cover and melt between the LiDAR ﬂight and the end of 25
mass balance year was applied. The mean values of the correction are summarized in
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Table 6. For 2001–2009, the cumulative geodetic mass balance of −12.318mw.e. is
more negative than the cumulative direct mass balance −9.920mw.e. As it is the case
for KWF, the diﬀerence of 2.398mw.e. corresponds to twice the annual mean mass bal-
ance within the period, or 13% of the total cumulative direct mass balance. The mean
annual diﬀerence between the geodetic and the direct mass balance is 0.300mw.e. 5
The geodetic mass balance is more negative than the direct in 2002, 2003, 2004, and
2006. The largest diﬀerences occur in 2003 and 2006. Snow cover occurred in 2001,
2005, 2006, and 2007, the height averaged over the glacier surface was 0.4m. Figure 6
shows the snow conditions during or close to the LiDAR ﬂight. Locally, the snow was
up to 1.5m high. The melt between the LiDAR ﬂight and the end of the mass balance 10
year aﬀected only a small portion of the glacier area in lower altitudes. Therefore, the
elevation change caused by this melt was only a few centimeters averaged over the
total glacier surface, although in 2006 after 1 October 1m of ice melted at the tongue
of HEF.
A map of the geodetic mass balance and the diﬀerence between the geodetic and the 15
direct mass balance are shown for the years 2001/2002 (Fig. 7) and 2002/2003 (Fig. 8).
These years represent diﬀerent shapes of the the volume change curve 5, and the latter
shows the largest diﬀerences between the two methods. Since the thickness change
at every point of the glacier is a result of mass balance and ice ﬂow, the mean annual
ﬂow velocity, subsidence, and mass balance measured in the ﬁeld at line 6 (white bar 20
in Figs. 7 to 8) is given in Table 7. These data suggest that at line 6 the ice ﬂow
velocity continuously decreased from 6.8m in 2002 to 4.9m in 2009, with exception
of the speed increase in 2003 to 7.2m. The ice thickness change is about 1m less
than the mass balance, indicating that the inﬂow of ice is suﬃcient to replace a part of
the melted ice. Therefore, the measurements indicate that the direct and the geodetic 25
mass balance diﬀer by 0–1m close to line 6. This is conﬁrmed by Figs. 7 and 8.
For 2001/2002, Fig. 7 shows three areas where the mass balances vary widely: in
the ﬁrn area (1), as a result of submergence, the measured accumulation is much
larger. Close to the crevassed tongue of Langtaufererjochferner (2), the direct ablation
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is higher than the geodetic, possibly as a result of the inﬂow of ice. The activity of
this tongue is conﬁrmed by ice falls which frequently occurred after the separation from
the main glacier in 2000 up to about 2005. In steep areas, the relocation of snow by
avalanches results in local mass balance diﬀerences (3). At some part of the glacier
tongue (4, 5), the direct mass balance is more negative than the geodetic one, which 5
is possibly a result of ice inﬂow. For 2002/2003, Fig. 8 shows the same general pattern
as for 2001/2002. The patchy pattern results from the high number of crevasses that
opened in summer 2003 (1). The subsidence at the higher parts of HEF is much higher
than the ablation measured there, and from the data it is not clear if this is a result of ice
transport or not. Therefore, measurements of ﬂow velocity are needed to investigate 10
the plausibility of the mass balance data by comparing direct to geodetic results.
4.5 Vertical velocity and volume change at the stakes of Kesselwandferner
In contrast to HEF, on KWF the ice ﬂow velocity has been measured at seven stakes
for 2001–2009. L2 is the highest stake on KWF indicated in Fig. 1, L10 the lowest
one. The ﬁeld measurements were transformed from Adria height to ellipsoid height 15
by applying the local oﬀset of 52.6978m determined by Albrecht (2007). The ﬁeld
measurements did not coincide with the LiDAR ﬂights, therefore the measured and
LiDAR altitudes diﬀer as a result of mass balance and ice ﬂow (Tables 7, 8 and 9
summarize the measured thickness changes ∆d, the thickness change resulting from
mass balance ∆a, the vertical component of the ice ﬂow velocity v at the stakes at 20
KWF, and LiDAR ice thickness change ∆zL. In 2003, the high ablation rates led to
the loss of several stakes. The sums given in Tables 7 and 9 include all available
data, so that the ﬁeld and LiDAR results given here are not directly comparable. For
2001–2009, the LiDAR DEMs show a subsidence between 2.94m at L3, where the
accumulation is highest, and 37.84m at the lowest stake. The ﬁeld measurements 25
of the thickness changes between 2001–2009 diﬀer between 0.25m (L2) and 0.59m
(L10), indicating a very good correlation of the data for the total period. At the lowest
stake L10, only about 6% of the mass loss is replaced by inﬂowing ice, whereas at L8
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more than 50% of the ice is replaced. This diﬀerence is a result of a reduced inﬂow
to the tongue, which is rapidly developing into a dead ice body Fischer and Markl
(2008). The absolute thickness change decreases at L7 with approximately the same
rate of ice replacement. At L6, L5, L3, and L2, the ice thickness shrinks, although the
mass balance is positive. The calculated vertical component of the ice ﬂow velocity 5
reaches −11.16m for 2001–2009 at L2, decreasing to −1.30m at L6. L7 shows an
upward motion of 0.40m, L8 of 3.15m. The highest annual upward motion has been
measured at L9 in 2009 (2.75m). In the accumulation area, the downward motion
component exceeds the mass balance component by up to 40%. In the ablation area
at L8, the vertical upward motion is 60% of the mass balance. As a result, a local 10
diﬀerence of a factor of two between ice thickness change and mass balance occurs
on KWF.
4.6 The eﬀects of density change, crevasse volume and slope correction shown
for HEF 2003
Diﬀerences between volume change and the direct mass balance might not only re- 15
sult from density assumptions or diﬀerent data acquisition times as discussed in the
previous sections, but also from a change in the density of the ﬁrn layer. The eﬀect of
such a density shift is shown by the direct data of HEF in 2003. Due to the unusual
weather of this extreme year, a density change is to be expected, and in fact was evi-
dent during ﬁeld surveys. A change of the surface density of the ﬁrn area to ice results 20
in a mass balance of −3.360mw.e. for HEF and −2.832mw.e. on KWF. The diﬀerence
of 0.269mw.e. is much smaller on HEF, of which 41% was covered by ﬁrn in 2003,
compared to a diﬀerence of 1.286mw.e. for the 60% ﬁrn covered KWF. Changing the
mean density of the ﬁrn area to 650kgm
−3, as is would be the case after a positive
mass balance year, results in −3.025mw.e. for HEF and −2.394mw.e. for KWF. For 25
the speciﬁc year, the result of a variation of the ﬁrn density depends on whether the
mass in the ﬁrn area is lost or gained.
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2003 provides a perfect test year for estimating the eﬀects of crevasse volume in
the DEM and for mass balance generally. In 2003, a number of big crevasses were
visible. Some might have been covered by snow, but most, especially in the blue
ice area, opened during the summer. The representation of crevasses in the DEM
depends on the local incidence angle of the LiDAR; also, the depth of the crevasses 5
is underestimated in the LiDAR DEM. As a ﬁrst guess, all volume changes exceeding
−7m were interpreted as crevasses, resulting in a crevasse volume of 3×10
6 m
3 or
7% of the total volume change.
A correction for the larger area of inclined surfaces, i.e. dividing the direct mass
balance by cosα (Fig. 9), leads to a direct mass balance of −1.948mw.e. for 2003, still 10
much less than bg, since the mass loss at the inclined areas is small. A map of the
correction factor 1/cosα is shown in Fig. 2. This does not account for the extrapolation
of mass balance to inclined surfaces, but only for the larger surface area at the slopes.
5 Conclusions
The comparison of the LiDAR-derived with DGPS-measured altitudes of the GCPs 15
shows in all years an accuracy better than 0.3m including the eﬀects of seasonal snow
cover. In ﬂat areas, the accuracy can be expected to be even higher. The mean annual
mass balance for the investigated period is −1.240mw.e. on HEF and −0.559mw.e.
on KWF, therefore the period necessary to achieve a relative error lower than 30%
under current conditions is at least 2yr for KWF and 1yr for HEF. For the the mean 20
mass balance 1953–2009, the period doubles. This rule of a thumb neglects the eﬀects
of seasonal snow cover. On HEF and KWF, September and October are among the
wettest months, and therefore there is a high likelihood of signiﬁcant snowfall. The
maximum observed mean snow height which occurred during the LiDAR ﬂights 2001–
2009 was 0.55m, corresponding to 100% of the mean annual mass balance on KWF 25
and 50% of the annual mass balance of HEF. Although locally more than 1m of ice
melted between the LiDAR ﬂight and the end of the mass balance year, the aﬀected
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area was small. Therefore, the volume change was only a few cm averaged over the
glacier area, and therefore negligible. In any case, the two eﬀects compensate for
each other when calculating the cumulative geodetic mass balance of a time series,
but alter the values for individual years. Although these eﬀects were corrected, and
the LiDAR data was extrapolated to the mass balance year, the oﬀset between the 5
geodetic and the direct data remained large with a maximum of 1.277mw.e. for HEF
and 0.989mw.e. for KWF in 2003. The comparison of the spatial pattern of the direct
and geodetic mass balance data correlated with the available ﬂow velocity data on HEF.
For KWF, the detailed ﬂow velocity and altitude measurements of the stakes correlate
well with the LiDAR data for 2001–2009. The highest vertical ice ﬂow velocity was 10
observed with 2.75myr
−1 at stake L9 at KWF. Therefore, the vertical ice ﬂow velocity
can be of the same order of magnitude as the mass balance. This suggests that the
direct mass balance data in the ﬁrn area of HEF is likely to be reliable. At the same
time, this is an indicator that volume change data does not allow the calculation of
ablation or accumulation, and therefore the interpretation of energy balance, without 15
a detailed measurement or model of the glacier dynamics. Therefore, direct mass
balance data is necessary for process studies or the interpretation of climatic controls
on volume changes. Accounting for the larger surface area of inclined surfaces leads
to correction factors of up to 3 on HEF, but minor changes in the direct mass balance,
since the speciﬁc mass balance at these steep areas is small. Since stakes in steep 20
slopes are frequently destroyed by avalanches, snow creep and rock fall, it is not clear
if the direct mass balance within these areas is basically correct. If the speciﬁc mass
balance in steep areas has a larger absolute value, the slope correction changes the
result of the net balance signiﬁcantly. The volume of the crevasses which opened in
summer 2003 is estimated to account for 7% of the total volume change. The eﬀect of 25
wrong assumptions vary with the glacier area covered by ﬁrn and this is larger for KWF
than for HEF. 2001–2009, the ﬁrn cover shrank by 9% on HEF and by 18% on KWF,
resulting in reduced uncertainty of the geodetic mass balance. From the comparison of
the volume change to the ﬁeld data, a contribution of basal melt to the volume change
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is possible, but could not be proven with the data analyzed in this study. The evaluation
of further DGPS data to ﬁnd out possible contribution of basal melt is ongoing.
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Table 1. Areas of HEF and KWF 2001–2009 with area of ﬁrn cover Aﬁrn and ratio ﬁrn
total of ﬁrn
covered to total area Atotal.
HEF KWF
Aﬁrn Atotal
ﬁrn
total Aﬁrn Atotal
ﬁrn
total
year km
2 km
2 km
2 km
2
2001 3.31 8.04 0.41 2.40 3.96 0.61
2002 3.31 7.96 0.42 2.40 3.95 0.61
2003 2.91 7.84 0.37 2.27 3.91 0.58
2004 2.84 7.56 0.38 2.27 3.91 0.58
2005 2.59 7.47 0.35 2.07 3.90 0.53
2006 2.23 7.41 0.30 2.06 3.86 0.53
2007 2.11 7.21 0.29 2.06 3.82 0.54
2008 1.64 7.12 0.23 1.85 3.80 0.49
2009 1.63 6.99 0.23 1.85 3.74 0.50
mean 2.51 7.51 0.33 2.14 3.87 0.55
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Table 2. LiDAR DEMs 2001–2009 used to derive the geodetic mass balance on an annual time
scale.
LiDAR closest ﬁeld surveys HEF
11 October 2001 8 October 2001
18 September 2002 2 October 2002
26 September 2003 30 September 2003
5 October 2004 30 September 2004
12 October 2005 30 September 2005
8 October 2006 20 September 2006 30 September 2006
11 October 2007 1 October 2007
9 September 2008 9 September 2008 30 September 2008
30 September 2009 27 September 2009
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Table 3. Summary of GPS measured altitudes (zG) of the GCP points, deviation from the
average LiDAR elevation 2001–2009 zG− ¯ zL and the deviations from the mean LiDAR elevation
for the year i ¯ zL−zL,i in m. Stm...cairn, Sta...tube, KT...triangulation point.
GCP zG zG− ¯ zL
name m m 2001 2002 2002 2004 2005 2006 2007 2008 2009
M. Guslar. Stm. Sta 3180.53
Kn¨ ottlen Stm. Sta 3058.35 1.88 −0.06 −0.01 0.01 0.21 −0.27 −0.08 −0.01 0.11 0.09
Ob. Berg 1 2974.73 1.38 0.02 0.18 0.15 0.23 0.15 −0.27 −0.09 −0.55 0.21
V. Hintereis. Stm. S 3491.82 1.87 −0.44 0.09 −0.09 −0.51 0.30 −0.25 −0.09 0.56 0.42
KWsp. Stm. Sta. 3468.40 1.73 0.02 0.22 0.27 0.22 −0.58 −0.06 −0.16 −0.24 0.32
D.sp. Stm. Sta. 3451.97 2.19 −0.37 −0.55 0.40 0.25 −0.24 −0.13 −0.33 −0.55 1.53
Eisner. Stm. Sta. o. 3419.75 1.57 −0.04 0.41 −0.01 0.57 0.00 −0.50 −0.76 −0.23 0.57
Queck. Stm. Sta. o. 3406.52 1.97 0.41 0.33 0.59 0.00 −0.90 −0.25 0.05 −0.57 0.36
Mutspitze. Stm. Sta. 3310.89 1.61 0.13 −0.32 0.11 0.03 −0.30 −0.05 −0.18 0.10 0.49
K.Schrofen Stm. Sta. 3249.71 1.97 −0.38 −0.09 −0.47 0.28 −0.15 −0.15 −0.15 0.12 1.02
H. Guslar n Stm. Sta. 3199.33 2.00 −0.46 0.19 0.24 0.36 −0.28 −0.51 −0.30 0.44 0.33
H. Guslar a w. K. 3200.43 0.37 −0.35 0.17 −0.04 0.19 −0.02 −0.25 −0.04 −0.01 0.38
Schatz Stm. Sta. o. 3001.07 2.01 −1.00 −1.17 0.13 0.33 0.24 0.03 −0.03 −0.05 1.52
Schatz 2999.34 0.09 −0.16 −0.04 0.12 0.14 −0.09 −0.04 0.01 0.02 0.06
Kn¨ ottlen Stm. o. 3057.36 0.89 −0.06 −0.01 0.01 0.21 −0.27 −0.08 −0.01 0.11 0.09
Hess 2961.07 2.74 −0.11 −0.40 −0.09 0.31 −0.06 −0.39 0.13 0.27 0.32
Finsterwalder 2858.18 1.94 −0.32 −0.05 0.08 0.18 −0.12 −0.09 −0.15 0.21 0.27
Signal VI 2634.92 0.17 0.16 0.14 0.34 −0.16 −0.17 −0.02 −0.20 −0.12 0.02
Lang 3344.49 −0.08 −0.26 −0.14 0.41 0.02 −0.17 0.05 −0.14 0.15 0.08
BBH SO Giebel 3339.33 4.43 5.50 2.36 −9.37 5.85 −9.09 −0.41 0.27 0.47
Unter BBH 3319.89 0.33 −0.61 −0.33 −0.35 0.57 0.66 −0.29 0.09 −0.19 0.44
BB J¨ ochl Stm. 3303.01 2.70 0.24 0.39 0.09 −0.48 −0.59 −1.21 −0.67 2.17 0.05
M. HEIsp. Stm. 3504.50 1.87 −0.32 −0.69 −0.18 0.41 0.17 0.25 0.32 −0.31 0.36
Nock Stm. Sta. o. 3206.46 1.76 −0.26 −0.23 0.24 0.44 −0.36 −0.05 −0.07 −0.14 0.42
S. Reutherw. Stm. 3093.07 1.68 0.12 0.33 −0.77 0.64 0.37 −0.17 −0.77 −0.03 0.30
S. Guslarj. Stm. 3420.23 1.49 −0.69 −0.58 0.65 0.31 0.22 0.33 −1.20 0.64 0.34
S. Guslarj. w 3418.13 0.12 −0.03 0.03 0.07 0.06 −0.29 0.01 −0.06 0.07 0.11
HJH Giebel 2475.53 −3.28 −6.36 1.88 0.21 3.15 2.79 0.23 0.39 1.00
25 HP HJH 2476.56 0.41 0.22 −0.27 0.64 −0.10 −0.10 −0.11 −0.18 −0.19 0.11
S. II Stm. F. 2635.73 0.17 0.03 0.05 0.14 0.29 0.02 −0.16 −0.25 −0.15 0.01
S. H. Stm. F. 2493.23
S. M (Loewe). Stm. 2726.63 2.18 −0.27 −0.13 −0.09 0.15 −0.11 0.10 −0.02 0.30 0.06
Block KWF. 2806.83 0.49 −0.47 −0.20 −0.14 −0.07 −0.04 0.24 0.25 0.31 0.13
HP 1 KWF 2804.13 −0.10 −0.26 0.10 0.20 0.17 −0.07 −0.09 −0.01 −0.01 −0.04
HP 2 KWF 2757.33 0.11 −0.30 −0.20 −0.06 −0.03 0.53 −0.12 0.02 −0.08 0.25
HP 3 KWF 2838.53 0.10 −0.10 −0.18 0.08 0.02 0.01 0.05 0.00 0.02 0.10
HP 4 E 2878.83 −0.13 0.08 0.06 0.33 0.04 −0.14 −0.10 −0.06 −0.07 −0.13
HP 5 3416.62 0.14 0.13 −0.06 0.30 −0.13 −0.18 −0.24 −0.12 0.13 0.20
HP 6 3081.53 −0.11 −0.03 0.06 0.05 0.00 0.01 −0.03 0.05 0.02
Schram 2834.96 0.10 0.12 −0.26 0.37 0.11 0.01 −0.22 −0.05 −0.15 0.06
Ambach 2852.50 0.02 0.09 −0.25 0.11 0.08 −0.28 −0.02 −0.04 0.17 0.16
HEF 3049.96 0.06 −0.21 −0.02 0.14 0.06 −0.01 0.02 −0.05 0.00 0.10
Hintereis 3077.58 0.15 −0.17 0.26 0.23 0.00 −0.23 −0.02 −0.13 −0.05 0.10
M. Gus. KT 3180.78
Fluchtk. KT 3546.19 −0.75 −0.23 0.49 0.90 0.63 −1.00 0.67 −0.29 −1.83 0.66
O. Rofenb. KT 2974.78 −0.01 −0.02 −0.01 0.26 0.02 −0.38 −0.06 0.03 0.13 0.06
Ht. HEF KT 3537.24 0.15 −0.38 0.10 0.14 −0.12 −0.08 −0.02 −0.08 0.24 0.19
KT 11-172 3322.53 0.10 −0.42 0.04 0.16 0.16 −0.12 −0.06 −0.10 0.23 0.12
57-172 HP 3546.19 −0.75 −0.23 0.49 0.90 0.63 −1.00 0.67 −0.29 −1.83 0.66
30 HP 2496.54 0.06 0.05 −0.14 0.12 0.00 0.01 −0.02 −0.03 0.04 −0.02
VP Hoinkes 2794.49 0.23 −0.29 −0.20 −0.35 0.54 0.20 0.06 −0.28 0.12 0.18
AWS Sta. 2494.83 0.08 −0.04 −0.05 0.06 0.10 −0.15 −0.05 0.08 0.03 0.01
mean 0.85 −0.13 −0.07 0.22 −0.04 0.06 −0.20 −0.14 0.00 0.30
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Table 4. Annual average of relative diﬀerences of GCP altitudes in the LiDAR DEMs.
year ¯ zL−zL,i in m
2001 −0.16
2002 −0.06
2002 0.14
2004 −0.13
2006 −0.08
2007 −0.14
2008 −0.01
2009 0.28
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Table 5. Direct mass balance bd compared to the geodetic mass balance bg with total glacier
area A and ﬁrn covered area AF of KWF.
KWF bd bg bd−bg AF A
year m w.e. mw.e. mw.e. year km
2 km
2
2001/2002 0.017 −0.316 0.333 2001 2.403 3.956
2002/2003 −1.546 −2.535 0.989 2002 2.403 3.946
2003/2004 −0.189 0.106 −0.295 2003 2.268 3.908
2004/2005 −0.059 0.140 −0.199 2004 2.268 3.908
2005/2006 −0.617 −1.327 0.710 2005 2.069 3.904
2006/2007 −0.836 −0.516 −0.320 2006 2.060 3.856
2007/2008 −0.444 −0.702 0.258 2007 2.056 3.821
2008/2009 −0.795 −0.699 −0.096 2008 1.855 3.799
sum −4.469 −5.849 1.380 2009 1.855 3.735
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Table 6. Direct mass balance bd compared to the geodetic mass balance bg with total glacier
area A and ﬁrn covered area AF of HEF.
HEF bd bg bd−bg s ∆b AF A
year mw.e. mw.e. mw.e. year m m km
2 km
2
2001/2002 −0.647 −1.492 0.845 2001 0.55 0.003 3.308 8.045
2002/2003 −1.814 −3.091 1.277 2002 − 0.027 3.308 7.964
2003/2004 −0.667 −0.893 0.226 2003 − − 2.914 7.838
2004/2005 −1.061 −0.776 −0.285 2004 − − 2.845 7.555
2005/2006 −1.516 −2.258 0.742 2005 0.30 0.055 2.591 7.474
2006/2007 −1.798 −1.666 −0.132 2006 0.33 − 2.235 7.406
2007/2008 −1.235 −1.015 −0.220 2007 0.43 − 2.110 7.212
2008/2009 −1.182 −1.127 −0.055 2008 − − 1.645 7.118
sum −9.920 −12.318 2.398 2009 − − 1.633 6.989
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Table 7. Ice ﬂow path s, elevation change ∆z and elevation change resulting from mass bal-
ance ∆a at line 6 on HEF.
year s ∆z ∆a
m m m
2002 6.8 −3.3 −4.21
2003 7.2 −5.9 −6.60
2004 6.2 −3.4 −3.68
2005 6.3 −4.8 −5.39
2006 6.2 −5.1 −5.21
2007 6.0 −5.8 −5.80
2008 5.2 −4.3 −5.12
2009 4.9 −4.2 −5.10
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Table 8. Diﬀerence between in stake elevation between ﬁeld measurements and LiDAR data.
The dates of the ﬁeld measurements are listed in Tables 9 and 7.
Stake L2 L3 L5 L6 L7 L8 L10
z 3347.21 3308.35 3231.21 3182.94 3132.68 3090.59 2852.89
year ∆z in m ∆z in m ∆z in m ∆z in m ∆z in m ∆z in m ∆z in m
2001 0.07 −0.70 −1.19 −2.41 −2.18 −3.16 −0.54
2002 −0.31 −0.98 −1.43 −2.80 −2.59 −3.84 −1.17
2003 −0.40 −1.32
2004 0.08 −0.69 −1.28 −2.83 −2.25 −4.04 −1.68
2005 0.53 −0.40 −0.79 −2.51 −2.13 −3.99 −1.67
2006 −0.08 −0.86 −1.42 −3.13 −2.65 −4.29 −2.18
2007 0.02 −0.86 −1.14 −2.91 −2.54 −3.84 −1.44
2008 −0.08 −0.87 −1.23 −2.99 −2.75 −3.89 −1.25
2009 −0.14 −1.00 −1.58 −3.01 −3.09 −4.47 −2.33
mean −0.03 −0.85 −1.26 −2.82 −2.52 −3.94 −1.53
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Table 9. Measurements of thickness change ∆d, thickness change caused by accumulation
or ablation, ∆a, vertical component of the ice ﬂow velocity v at the stakes at KWF compared to
the LiDAR ice thickness change ∆zL in m.
L2
year ∆zL date date ∆d ∆a v ∆zL−∆d
2002 −0.43 13 Sep 2001 13 Sep 2002 −0.05 1.51 −1.68 −0.38
2003 −2.34 13 Sep 2002 14 Sep 2003 −2.25 −0.63 −1.61 −0.09
2004 0.64 14 Sep 2003 9 Sep 2004 0.25 1.31 −1.14 0.39
2005 0.67 9 Sep 2004 8 Sep 2005 0.18 1.46 −1.24 0.49
2006 −1.08 8 Sep 2005 13 Sep 2006 −0.49 0.73 −1.27 −0.59
2007 −0.12 13 Sep 2006 13 Sep 2007 −0.26 1.48 −1.63 0.14
2008 −0.47 13 Sep 2007 9 Sep 2008 −0.34 0.95 −1.39 −0.13
2009 −0.23 9 Sep 2008 8 Sep 2009 −0.14 1.09 −1.2 −0.09
sum −3.35 −3.10 7.90 −11.16 −0.25
L3
2002 0.08 13 Sep 2001 13 Sep 2002 0.37 1.39 −1.14 −0.29
2003 −2.69 13 Sep 2002 14 Sep 2003 −2.34 −1.19 −1.2 −0.35
2004 0.78 14 Sep 2003 9 Sep 2004 0.28 1.01 −0.78 0.50
2005 0.78 9 Sep 2004 8 Sep 2005 0.58 1.72 −1.15 0.20
2006 −1.02 8 Sep 2005 13 Sep 2006 −0.61 0.78 −1.37 −0.41
2007 −0.08 13 Sep 2006 13 Sep 2007 0 1.18 −1.16 −0.08
2008 −0.29 13 Sep 2007 10 Sep 2008 −0.41 0.4 −1.01 0.12
2009 −0.51 10 Sep 2008 8 Sep 2009 −0.41 0.7 −1.1 −0.10
sum −2.94 −2.54 5.99 −8.91 −0.40
L5
2002 0.10 13 Sep 2001 12 Sep 2002 0.34 0.7 −0.39 −0.24
2003 −3.09 13 Sep 2002
2004 0.66 9 Sep 2004
2005 0.87 9 Sep 2004 8 Sep 2005 0.41 0.72 −0.31 0.46
2006 −1.33 8 Sep 2005 13 Sep 2006 −0.68 −0.43 −0.25 −0.65
2007 −0.20 13 Sep 2006 13 Sep 2007 −0.52 −0.36 −0.12 0.32
2008 −0.31 13 Sep 2007 9 Sep 2008 −0.18 −0.24 −0.04 −0.13
2009 −0.48 9 Sep 2008 8 Sep 2009 −0.21 0.04 −0.19 −0.27
sum −3.79 −0.84 0.43 −1.30 −0.52
L6
2002 0.27 13 Sep 2001 12 Sep 2002 0.66 0.53 0.06 −0.39
2003 −3.55 12 Sep 2002
2004 0.58 9 Sep 2004
2005 0.70 9 Sep 2004 8 Sep 2005 0.36 0.31 0.01 0.34
2006 −1.17 8 Sep 2005 12 Sep 2006 −0.57 −0.74 0.17 −0.60
2007 −0.05 12 Sep 2006 13 Sep 2007 −0.33 −0.37 −0.04 0.28
2008 −0.35 13 Sep 2007 3 Sep 2008 −0.33 −0.29 0.02 −0.02
2009 −0.85 3 Sep 2008 9 Sep 2009 −0.81 −0.97 0.18 −0.04
sum −4.42 −1.02 −1.53 0.40 −0.43
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Table 9. Continued.
L7
year ∆z d a v dz–d
2002 −0.29 13 Sep 2001 12 Sep 2002 0.11 −0.45 0.42 −0.40
2003 −2.58 12 Sep 2002 26 Aug 2003 −2.35
2004 0.33 26 Aug 2003 9 Sep 2004 −0.12 −0.39 0.36 0.45
2005 0.29 9 Sep 2004 8 Sep 2005 0.08 −0.41 0.48 0.21
2006 −1.33 8 Sep 2005 12 Sep 2006 −0.71 −1.2 0.52 −0.62
2007 −0.37 12 Sep 2006 13 Sep 2007 −0.52 −1.03 0.52 0.15
2008 −1.00 13 Sep 2007 2 Sep 2008 −0.65 −0.94 0.42 −0.35
2009 −0.70 2 Sep 2008 25 Aug 2009 −0.54 −0.93 0.43 −0.16
sum −5.65 −4.70 −5.35 3.15 −0.72
L8
2002 −0.39 28 Aug 2001 30 Aug 2002 0.3 −0.66 0.89 −0.69
2003 −4.16 30 Aug 2002 26 Aug 2003 −3.1 −3.94 0.79 −1.06
2004 2.42 26 Aug 2003 24 Aug 2004 −0.2 1.1 2.62
2005 0.11 24 Aug 2004 25 Aug 2005 0.1 −1.03 1.15 0.01
2006 −1.62 25 Aug 2005 12 Sep 2006 −1.4 −2.59 1.13 −0.22
2007 −0.66 12 Sep 2006 12 Sep 2007 −1.2 −2.37 1.24 0.54
2008 −0.96 12 Sep 2007 2 Sep 2008 −0.8 −1.64 1.03 −0.16
2009 −0.94 2 Sep 2008 25 Aug 2009 −0.4 −1.55 1.22 −0.54
sum −6.19 −6.70 −13.78 8.55 0.51
L9
2009 2 Sep 2008 25 Aug 2009 −0.99 −3.72 2.75 0.99
L10
2002 −3.34 29 Aug 2001 30 Aug 2002 −2.7 −3.06 0.50 −0.64
2003 −5.55 30 Aug 2002 27 Aug 2003 −5.2 −6.03 0.69 −0.35
2004 −3.32 27 Aug 2003 25 Aug 2004 −3.3 −3.56 0.37 −0.02
2005 −4.03 25 Aug 2004 26 Aug 2005 −4.2 −4.41 0.37 0.17
2006 −5.58 26 Aug 2005 1 Sep 2006 −5.0 −5.28 0.24 −0.58
2007 −5.61 1 Sep 2006 12 Sep 2007 −6.4 −6.51 0.10 0.79
2008 −5.06 12 Sep 2007 2 Sep 2008 −5.1 −5.06 0.07 0.04
2009 −5.35 2 Sep 2008 25 Aug 2009 4.6 −4.31
sum −37.84 −27.30 −38.22 2.34 −0.59
595TCD
5, 565–604, 2011
Comparison of direct
and geodetic mass
balances on an
annual time scale
A. Fischer et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Fig. 1. Map of the test sites Hintereisferner (HEF) and Kesselwandferner (KWF). The position
of the ground control points (GCPs) and stakes are indicated. The 50m contour lines show the
altitude in October 2005.
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Fig. 2. Calculation of the horizontal and vertical ice ﬂow velocity in the accumulation and
the ablation area. y – horizontal travel distance of stake between t1 and t2, t1, t2 – dates
of measurement, v – vertical component of the ice ﬂow velocity, ∆a – change in free end of
the stake as result of mass balance, ∆d – change in surface altitude d2−d1, ∆h – altitude
diﬀerence in the direction of the ﬂow line, and ∆zp – altitude diﬀerence of the stake end (after
Schneider, 1970).
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Fig. 3. Calculation of the thickness change for every pixel of the DEM from the surface altitude
z1 and z2 of glacier at time t1 and t2. To calculate the volume change, the thickness change is
multiplied with the pixel size an summed up for the glacier area. (a) To calculate the speciﬁc
mass balance b the density value for every pixel has to be known. (b) Fresh snow cover at the
time of the LiDAR ﬂight adds additional thickness, but is not relevant for the net mass balance.
(c) Melt occurring between the end of the mass balance year and the LiDAR ﬂight must be
corrected for comparing the geodetic and the direct mass balance.
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Fig. 4. Acquisition dates of the LiDAR DEMs, dates of the minimum snow cover and necessary
corrections for snow cover (s), and melt between the LiDAR ﬂight and the end of the mass
balance year at 30 September (∆b).
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Fig. 5. Frequency of altitude changes in m for the mass balance years 2002 to 2009.
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Fig. 6. Images of HEF at or close to LiDAR campaigns.
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Fig. 7. Geodetic mass balance bg and diﬀerence between the direct and the geodetic mass
balance bd−bg for 2001/2002, both in mw.e. The position of the line 6 is indicated with the
white bar.
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Fig. 8. Geodetic mass balance bg and diﬀerence between the direct and the geodetic mass
balance bd−bg for 2002/2003, both in mw.e. The position of the line 6 is indicated with the
white bar.
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Fig. 9. Correction factor 1/cosα calculated from the LiDAR DEM 2005.
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